Abstract: Structure-activity relationships are rarely straightforward, and often are more complicated than they appear. For this reason, the use of site-directed mutagenesis as a complementary tool to analyze structure-activity relationships has been invaluable. Here, we illustrate how site-directed mutagenesis has led to greater insight into the molecular basis for molecular recognition of norbinaltorphimine and to the design of novel kappa antagonists. Given the paucity of high-resolution crystal structures for membrane-bound receptors, the use of a coordinated "two-dimensional" paradigm that involves molecular modification of both the ligand and the receptor, affords a useful approach to the study of molecular recognition. This paradigm has led to the design of highly potent and selective kappa opioid receptor antagonists that are derivatives of the delta opioid receptor antagonist, naltrindole.
INTRODUCTION
The discovery of the endogenous opioid peptides, Leu-and Met-enkephalin, and their interaction with specific receptors was a turning point in opioid research [1] . These revelations confirmed the 1954 concept [2] of a specific "analgesic receptor" that recognizes morphine and highlighted the importance of an endogenous opioid system in the central nervous system. The endogenous opioid peptide family is characterized by a common tetrapeptide sequence (Tyr-Gly-Gly-Phe), and it now comprises a group of over a dozen ligands [3] . More recently, two additional endogenous ligands, endomorphin-1 and -2 (Tyr-Pro-X-Phe-NH 2 X = Trp or Phe), whose tetrapeptide sequence differs somewhat from that of the classical opioid peptides, have been reported [4] .
Multiple opioid receptors and multiple modes of binding to opioid receptors were first proposed over three decades ago based on structure-activity relationship (SAR) analysis [5] . Subsequent in vivo and in vitro pharmacological studies led to the identification of three major types of opioid receptors, named delta, kappa, and mu [6, 7] . With the cloning of these receptors in 1992-1993, a new chapter in opioid research was opened because their known amino acid sequences made it possible, for the first time, to investigate ligand-receptor interactions from the perspective of both the ligand and the receptor [8] .
The opioid receptor family is a member of the rhodopsin subfamily in the superfamily of over 1000 G protein-coupled receptors. Members of the opioid receptor family are highly homologous (~60% amino acid identity) and recognize structurally diverse ligands that include peptides, opiates, and a variety of synthetic non-peptides [8] . The diversity of ligands, both endogenous and exogenous, and the multiplicity of opioid receptors provide a distinct advantage in exploring the basis for molecular recognition among G protein-coupled receptors in general, and opioid receptors in particular. This pres-entation illustrates how site-directed mutagenesis and molecular modeling in conjunction with classical SAR studies proves to be a powerful combination for identifying the basis for molecular recognition of ligands at kappa opioid receptors.
MOLECULAR RECOGNITION OF NORBINALTORPHIMINE AT THE KAPPA OPIOID RECEPTOR
Norbinaltorphimine [9] 1 (norBNI) is the prototypical kappa opioid receptor antagonist, and it is employed widely as a tool in opioid research [10] . Structure-activity relationship studies in smooth muscle preparations have supported the important role of the N17′ basic nitrogen. Most noteworthy, was the finding that neutralization of N17′ through amidation greatly reduced the antagonist potency and selectivity at kappa receptors [11] . Also, an analog 2 without the critical groups required for an antagonist pharmacophore in the second half of the molecule, retained activity [12] . This suggested that the decahydroisoquinoline moiety within the second pharmacophore of norBNI acts as a scaffold to rigidly hold and direct its N17′ basic nitrogen to a subsite that is unique to the kappa receptor. Given that an analog of norBNI, with an isosteric thiophene [13] in place of the pyrrole moiety, possesses binding selectivity similar to that of norBNI, and the finding that a bivalent ligand whose scaffold geometry differs substantially from that of norBNI are not kappa-selective [14] , supports the important directive role of the scaffold. Consequently, the binding of norBNI to the kappa receptor was postulated to involve two major subsites: The first subsite recognizes one of the antagonist pharmacophores, while the second subsite containing an anionic group associates with the cationic protonated N-17′ moiety in the second half of the molecule.
This model bears a formal resemblance to the message-address concept proposed by Schwyzer [15] , who employed it to analyze the structure-activity relationship of ACTH and related peptide hormones. Accordingly, peptide hormones contain a "message" sequence and "address" sequence. The message component is a common molecular feature of the series that is recognized by a family of receptors. The address recognizes a unique subsite on one of the receptors in the family and provides additional binding affinity to the ligand.
Site-directed mutagenesis of the kappa receptor revealed the "address" subsite to be the anionic residue, Glu297, located at the top of the transmembrane spanning helix 6 (TM6) (Fig. 1) [16] .
In this regard, the Glu297Lys and Glu297Ala mutants possessed greatly reduced affinity for norBNI , whereas the affinity of naltrexone was not affected. Homology modeling suggested that the residue corresponding to Glu297 is a tryptophan (Trp284) in the delta opioid receptor and a lysine (Lys303) in the mu opioid receptor. Given that the non-conserved Glu297 is primarily responsible for conferring high affinity to norBNI, residues at the equivalent position in the mu (Lys303) and delta (Trp284) receptors would tend to hinder binding through electrostatic repulsion in the former or steric hindrance in the latter. In the mu receptor, additional steric hindrance appears to arise from Trp318 located at the top of TM7, as we have determined that the Trp318Ala mutant has greatly increased affin-P. S. PORTOGHESE ity for norBNI [17] . The increased affinity most likely is due to the smaller size of Ala relative to Trp, thereby making the binding pocket more accessible to norBNI.
The role of Glu297 as an anionic residue that interacts with the cationic "address" of kappa antagonists has received added support from studies with the mu receptor mutant whose Lys303 was replaced by glutamate (Lys303Glu) [18] . The delta receptor was also mutated in an equivalent position (Trp284Glu) [17] . In these mutants, the glutamate residue is in a position equivalent to that of Glu297 in the kappa receptor. The mutant mu and delta receptors displayed enhanced affinity for norBNI and its active congeners when compared to the wild-type receptors, again highlighting the critical role of Glu297 in the kappa receptor. These data support the proposal [19] that the "message" recognition locus for the antagonist pharmacophore of norBNI and other naltrexone-derived ligands is the central cavity created by the 7TM helices, as this domain has the highest homology of the potential binding sites. A key conserved residue that interacts with the antagonist pharmacophore within this cavity is believed to be the conserved TM3 aspartate [20] .
DESIGN OF NOVEL KAPPA OPIOID RECEPTOR ANTAGONISTS
In view of the structural requirements for the kappa antagonist activity of norBNI 1, and the importance of a rigid scaffold for the orientation of its N17′ basic nitrogen, we have combined an indole scaffold with new "address" moieties in order to design novel kappa antagonists [21] . Superposition of the conserved structural motif of the delta-opioid receptor antagonist, naltrindole 3 (NTI) [22] , upon that of norBNI, led to the use of the indole moiety as a rigid scaffold for projecting a variety of protonated amine or cationic groups within ion-pairing distance of the Glu297 residue in the kappa receptor.
Ligands with high kappa antagonist potency contained 5′-substituted guanidinium, amidinium, amine, or quaternary ammonium substituents [21] . The high basicity of guanidines and amidines, and the fact that the quaternary ammonium group is totally ionized, strongly support the notion that a cationic group at the 5′-position is required for potent kappa antagonist activity. The importance of a cationic 5′-substituent for kappa antagonist activity was shown by comparing the potency of the 5′-guanidine compound 4 (GNTI) with its closely related N-cyano derivative 5. GNTI 3 was approximately 30-fold more potent than the nonbasic cyanoguanidine, highlighting the contribution of a positively charged group at the 5′-position of the indole scaffold. Binding studies of GNTI on wild-type and Glu297Lys mutant kappa receptors have implicated the involvement of counterionic association between the cationic 5′-guanidinium group and the carboxylate group of Glu297 [19] .
The importance of the 5′-position for directing the basic group to the glutamate-containing locus on the receptor was demonstrated by the finding that the 4′-, 6′-, and 7′-regioisomers (6a-c) either were inactive as antagonists or had greatly reduced kappa antagonist potency [23] . Significantly, the 6′-regioisomer 6b showed potent kappa agonist activity (~50-fold greater than morphine in the GPI) and a significant decrease in binding to the Glu297Ala mutant kappa receptor. These data have suggested that an ionic interaction between the 6′-guanidinium group and the Glu297 residue at the top of TM6 may be associated with the kappa agonist activity of 6b. This unprecedented transition from potent antagonist (4) to potent agonist (6b) can be rationalized by a ligand-induced conformational change of TM6 in the kappa receptor. A change of the guanidinium group from the 5′-to 6′-position may result in a counterclockwise axial rotation of TM6 (as viewed extracellularly) in order for the counterions to maintain favorable association. Such axial motion would lead to a conformational change of inner-loop 3, which is the key domain involved in G protein coupling and activation. There are a number of reports that implicate the rotation of TM6 in this process [24] [25] [26] [27] [28] [29] .
